Context: Menstrual cycle hormone patterns in women approaching menopause are inadequately studied.
increase. Pdg excretion declined slowly with progress to the FMP, but Pdg patterns of ELA cycles remained distinguishable from non-ELA.
Conclusions: Menstrual cycle hormone patterns in perimenopausal women resemble those of midreproductive-aged women until 5 years before menopause, and presumably ovulatory cycles retain a potentially fertile pattern up to the end of reproductive life. (J Clin Endocrinol Metab 102: 2218-2229, 2017) M enstrual cycle hormone changes across the menopausal transition have been only partially characterized in small, cross-sectional samples (1) (2) (3) and even smaller longitudinal studies (4) . These studies have often lacked daily hormone sampling to allow for a full assessment of the day-to-day hormone changes (5) (6) (7) (8) . The Study of Women's Health Across the Nation (SWAN) Daily Hormone Study (DHS) was developed to provide a definitive data set facilitating a description of the full panoply of changes in menstrual cycle hormones occurring as women traverse menopause in the context of menstrual cycle characteristics, race/ethnicity, body size, age at final menstrual period (FMP), and lifestyle. SWAN prospectively evaluated the menstrual cycle over time in women approaching menopause (9, 10) but has only recently had sufficient numbers of women who have completed the menopausal transition to anchor data to the FMP.
A rigorous analysis of the changes in menstrual cycle hormones that occur as women become menopausal is important for several reasons. Fertility declines with age, but whether there are direct hormonal correlates of this decline is not known. The presence of distinct hormonal changes that would predict irreversible infertility would allow women more certainty in decision-making about contraception in their latter reproductive years. The symptom and menstrual bleeding experience of women traversing menopause is also highly variable, and it is possible that day-to-day hormonal patterns may predict bleeding events that would allow women and their clinicians to make more precise predictions about the nature and timing of abnormal bleeding and the possible need for preventive treatment. The basic changes that can be expected in menstrual cycles and hormones as women traverse menopause can be used to provide physiologic, normative data against which an individual's pattern may be compared.
In prior work, we have demonstrated differences in reproductive hormone patterns associated with body mass index (BMI) and with race/ethnicity (9) and over time (10) in women followed prospectively for up to 4 years from study onset. We report herein the results of up to 10 consecutive years of the SWAN DHS in a racially and ethnically diverse cohort of women who completed daily urine collection for one entire menstrual cycle or up to 50 days (in the absence of bleeding) annually to characterize the final stages of reproductive aging as fully as possible and to anchor data to the FMP. We hypothesized that progesterone production would decline, that evidence of less orderly folliculogenesis would be more common as women approached their FMP, and that these patterns would vary by smoking, race/ ethnicity, and BMI.
Methods

Participants and eligibility criteria
SWAN is a multiethnic cohort study of middle-aged women from seven communities in the United States. Data from SWAN have been previously described, as has the assembly of the larger, community based cohort from which the DHS sample was derived (11) . The DHS was initiated 2 years after the SWAN inception cohort was assembled. Criteria for entry into the DHS included (1) an intact uterus and at least one ovary, (2) at least one menstrual period in the previous 3 months (i.e., either premenopausal or early perimenopausal at the time of the first collection), (3) no use of sex steroid hormones in the previous 3 months, and (4) not pregnant. At the baseline DHS, or DHS1 collection, women collected their first morning voided urine samples daily for one complete menstrual cycle or 50 days (whichever came first). Collections were repeated once a year until the FMP or up to 10 years, the the final year of the DHS (DHS10 collection). Menopausal status was defined as follows: premenopausal, bleeding in previous 3 months with no past year change in cycle predictability; early perimenopausal, bleeding in the previous 3 months with a decrease in cycle predictability in the past year; late perimenopause, between 3 and 12 months of amenorrhea; postmenopause, at least 12 months of observed amenorrhea. Menstrual onset was used to initiate all DHS collections in women who were premenopausal or early perimenopausal. As women progressed to late perimenopause, after 2 months of an unsuccessful attempt to initiate with a menstrual period, random, 50-day (or sooner if a menstrual period intervened) collections were performed. Women from the New Jersey site had some discontinuity in their data collection but were not excluded if they met the minimum eligibility criteria (observed FMP and completion of at least one DHS collection).
A total of 953 SWAN participants were initially enrolled in the DHS substudy. For these analyses, only women who completed at least one DHS collection and who had an observed date of FMP within 10 years after the DHS10 collection were included (n = 511; 1987 cycles). Cycles were included in hormone analysis regardless of whether the collection began with a bleed. Analyses of cycle length included only visits with known cycle length; that is, if urine collection began and ended with a bleed (n = 1584) or if cycle start and end could be determined from reported menstrual bleeding dates (n = 18); cycle length was truncated at 50 days for two women. Analyses excluded women with hysterectomy or bilateral oophorectomy, those who used reproductive hormones before their FMP, and those not yet postmenopausal by DHS10. Disposition of DHS participants is described in Fig. 1 .
The study was approved by the Institutional Review Boards affiliated with all participating sites. Written informed consent was obtained from each participant.
Measures
Urinary follicle-stimulating hormone (FSH), luteinizing hormone (LH), estrone conjugates (E1c), and pregnanediol glucuronide (Pdg) were measured in the daily samples using prospective, validated methodologies that have been previously described in detail (12) (13) (14) . Objective, validated algorithms were applied to detect hormonal patterns consistent with a preovulatory rise in urinary estrogen metabolites, a follicular-luteal phase shift in estrogen vs progesterone metabolite excretion, as well as a sustained and robust rise in progesterone metabolite excretion (15) . Cycles were divided into those that qualified as having robust luteal functions (12) vs those that did not qualify as meeting this criterion. A change in the estrogen/progesterone metabolite excretion ratio was used to approximate the time of presumed ovulation in the cycles of midreproductive aged women (12) (13) (14) . These algorithms have been adapted for use in older reproductive-aged women to include the identification of a midcycle surge of Figure 1 . Disposition of all participants in the DHS.
gonadotropins indicating the presence of a positive neuroendocrine feedback (i.e., an LH and FSH surge) (15) . Cycles without evidence of luteal activity (non-ELA) did not meet the criteria set for ELA cycles.
Serum LH, FSH, estradiol, dehydroepiandrosterone sulfate, testosterone, and sex hormone binding globulin from annual sampling were measured using a previously described and validated chemiluminescent assays adapted for highthroughput (16) . Whole-cycle hormones were derived using area-under-the curve methods as previously described (9, 15) .
Covariates included self-reported race/ethnicity and geographic site as well as time-varying smoking and body mass index (BMI) coinciding with the annual blood draw, calculated from measured height and weight as weight/height (2).
Data analysis
Demographics and clinical characteristics of the DHS study sample were summarized using mean and standard deviation for continuous variables and using frequency and percent for categorical measures.
Descriptive statistics were generated for each of the outcomes (ELA cycles, whole-cycle hormones, follicular and luteal hormones, and the proportion of ELA to non-ELA cycles) as a function of years before the FMP.
Random effects binomial logistic regression (17) was used to model the proportion of ELA cycles, and linear mixed effects modeling was used to estimate cycle length for ELA/non-ELA cycles as a function of years before FMP (categorized into 1-year intervals) and adjusted for race/ethnicity, time-varying, threecategory BMI (,25, 25 to 29.9, and $30 kg/m 2 ) (18), and timevarying smoking status as well as for region (eastern United States, midwestern United States, and West Coast) to account for study design. To determine if the time course of the prevalence of ELA cycles was modified by a woman's race/ethnicity, baseline BMI, or baseline smoking status, we tested the interactions of time before FMP with each of these variables, one at a time. Data were truncated at FMP-10 years or less due to very small cell sizes and corresponding high variability. For cycle length by ELA status figure, data were additionally truncated at FMP-8 years to avoid zero cells Whole-cycle hormones were assessed at 1-year intervals approaching the FMP. LH, FSH, E1c, and Pdg were modeled in a linear mixed effects model; mean hormone level at each time point was categorized into 1-year intervals before the FMP. Right-skewed hormone values were analyzed on a log 10 scale, back-transformed, and reported as geometric mean and 95% confidence interval. To assess hormones within obesity categories, hormone patterns are presented by two-category BMI (,30 kg/m 2 and .30 kg/m 2 ).
Results
Study participants
Characteristics of the study participants at DHS1 are shown in Table 1 . During the DHS1 collection, 953 women attempted a cycle collection and 848 cycles contained at least 80% complete samples and were evaluable (89% evaluable data) (9) . By the DHS10, 69 women remained eligible and completed a urinary menstrual cycle collection (100% evaluable data). Women who participated in the DHS were more likely to be Chinese and less likely to be white than were nonparticipants, as has been previously reported. DHS participants did not differ from nonparticipants by BMI or smoking status (9) . The numbers of women who completed a collection each year are shown in Supplemental Table 1 .
Luteal activity in relation to the FMP
The proportion of ELA cycles was near 100% at enrollment into the study (or 10 years before the FMP) and declined slowly until about 5 years before the FMP (87.9%); thereafter, %ELA cycles rapidly declined (Fig. 2) . By the year before the FMP (FMP-1), only 22.8% of cycles were ELA. Adjustment for covariates had little impact on these proportions. Interactions of years prior to the FMP with race/ethnicity, smoking, and BMI at DHS1 were not statistically significant (P . 0.27 for all interactions).
Cycle length changes with progress toward menopause
Menstrual cycle length remained stable up to 4 years before the FMP when they became longer (Fig. 3) . Most of this change was related to non-ELA cycles, which at certain times were longer (FMP-4 to FMP-3) or shorter (FMP-8 to FMP-6 and FMP-3) than ELA cycles for the same premenopausal year. ELA cycles were overall remarkably preserved for 27 to 29 days. Interaction of years before the FMP with BMI categories at the first visit of DHS was significant overall (P = 0.01). In general, BMI .30 kg/m 2 at DHS1 was associated with longer cycle length over 10 years before the FMP, except at FMP-1, when cycle length in obese women became shorter compared with women in the other two BMI categories. Additional adjustment for region and concurrent smoking had little impact, and baseline BMI remained an important predictor of cycle length. Interactions of years before the FMP with race/ethnicity and smoking at the DHS1 visit were not statistically significant in the overall sample.
Reproductive hormone patterns with progress toward menopause
Estrone conjugate excretion, FSH, LH, and Pdg remained relatively stable in ELA cycles as women approached menopause (Fig. 4) . There was a slow decline in luteal Pdg across the years leading up to the FMP; however, the Pdg patterns of ELA cycles remained distinguishable from non-ELA throughout most of these years. On the other hand, non-ELA cycles exhibited substantially more year-to-year variability in mean gonadotropins and E1c, especially in the years FMP-10 to FMP-5 (Fig. 4) . LH and FSH demonstrated small increases over time in non-ELA cycles, with the most striking rises in both hormones occurring at FMP-3 to FMP. Follicular and luteal phase hormones are shown in ELA cycles in Fig. 5(a) , highlighting the change over time in luteal Pdg. Racial/ethnic differences in cycles and hormones Adjusting for years before FMP, the probability of having an ELA cycle was similar for white, Japanese, and Chinese women (80.6%, 82.9%, and 82.1%, respectively) and lower for African American and Hispanic women (72.6% and 66.3%, respectively; P = 0.019). Additional adjustment for region, concurrent smoking, and concurrent BMI reduced statistical significance (adjusted P = 0.11), but the pattern of racial/ethnic differences remained similar: adjusted % ELA was 62.2% for Hispanic subjects, 69.6% for African American subjects, 79.7% for white subjects, 83.7% for Japanese subjects, and 84.3% for Chinese subjects. The interaction of race/ethnicity and years before FMP was not statistically significant (P = 0.67) because ELA cycles were less prevalent for African American and Hispanic women consistently over the interval FMP-10 years to FMP. Although the interaction of race/ethnicity with categorized BMI was not statistically significant (P = 0.16), there was a suggestion of effect modification by BMI such that ethnic differences were largest in the obese (.30 kg/m 2 ) category. Chinese and Japanese women were most likely and African American and Hispanic women were least likely to have an ELA cycle only in this BMI category.
Concurrent, three-category BMI-related differences in cycles and hormones
Adjusting for years before FMP, the probability of an ELA cycle was somewhat lower at visits when a participant was obese (74.0%) compared with visits when the participant was normal weight or overweight (81.2% and 80.1%, respectively; P = 0.06). Upon adjustment for race/ethnicity, however, the BMI-related differences were somewhat attenuated; the ethnicity-adjusted ELA ranged from 76.9% for obese, 79.9% for normal-weight, and 81.0% for overweight and were no longer statistically significant (P = 0.49). As noted above, the interaction of race/ethnicity and BMI was not statistically significant. Obesity was associated with a somewhat higher-rather than lower-proportion of cycles with ELA among Chinese and Japanese participants, although this difference was not statistically significant for either race/ethnic group. BMI was negatively associated with the proportion of cycles with ELA among the other three racial/ ethnic groups, particularly African American women.
Concurrent smoking-related differences in cycles and hormones
Adjusting for years before FMP, the probability of an ELA cycle did not differ by time-varying smoking status (79.1% for nonsmoking and 76.5% for smoking; P = 0.56). Adjustment for covariates reduced this difference even further (79.4% and 78.6%; P = 0.86).
Discussion
Herein we demonstrate key changes in the pattern of the human menstrual cycle and reproductive hormones as women traverse the final stages of reproductive aging and approach their FMP. Regardless of whether a cycle had evidence of luteal activity or not, menstrual cycle length remained remarkably preserved in women up to the FMP, and length of ELA cycles was mostly within a range of 27 to 31 days. This is in keeping with the classic data of Treloar et al. (19) , who reported on menstrual cycle length in women aged 11 to 51 years. In this study, women approaching age 51 demonstrated an overall well preserved lower bound of menstrual cycle lengths, with a 90th centile lower boundary of approximately 21 days, but a much longer 90th centile upper boundary (about 45 days) due to the inclusion of long intervals of amenorrhea. Cycle length data reported herein excluded cycles that did not end with a menstrual period (n = 42 women) (Fig. 1) .
Hormone excretion remained remarkably preserved among cycles meeting the criteria for luteal activity, although Pdg demonstrated a small but significant steady decline over the years. Taken together, the data suggest that hormonally normal-appearing menstrual cycles, though they become rarer, can occur right up to the end of reproductive life. These findings suggest that fertility or risk for unintended pregnancy, at least based on urine metabolite hormone patterns, should not be minimized or dismissed on the basis of age or presumed menstrual cycle status until a woman has indeed had her FMP and is by definition menopausal (i.e., 12 consecutive months of amenorrhea) (20) . Even this definition does not preclude subsequent ovulation (21) .
Fertility potential and the menopausal transition Natural fertility rates decline in women throughout their reproductive life span (22) . After establishment of regular cycling shortly after menarche, women enter their peak reproductive years and maintain the highest levels of fecundity in their third decade of life. By the fourth decade, fertility rates decline, and by the fifth decade of life, a substantial proportion of women are unable to conceive (23) . Reduced fertility potential occurs despite the presence of regular ovulatory menstrual cycles and is largely attributed to oocyte aging (24) . Our data suggest that, beyond oocyte aging, infertility in the fifth decade of life may also be due, at least in part, to anovulation, luteal insufficiency, or both. Small-cohort studies of the menstrual cycles and follicle growth dynamics of women in their mid-to late 40s have revealed changes in follicular phase hormones (25) , abnormal menstrual cycle hormone patterns, and aberrant follicle growth (7, (26) (27) (28) . Some cycles demonstrate evidence of folliculogenesis yet a complete lack of luteal activity (26) and in some cases demonstrate a failure to mount an LH surge in response to appropriate preovulatory estrogen positive feedback conditions (29) . Other women identify inappropriate development of new follicles during the luteal phase of the cycle, leading to abbreviated luteal phases, one atop the next (7). These mechanisms merit further exploration as potential endocrine causes of subfertility in reproductively aged women who wish to conceive because these women may be amenable to treatment.
Hormone synthesis is maintained throughout the menopausal transition
As women age, their follicles appear to be larger early in the cycle and to develop more rapidly (7, 26, 27) , but their growth rate is overall slower than the growth rate in younger women (26) . Peripheral (30, 31) , though not local, production of key granulosa cell products, inhibin A and B, is impaired, often before women note anything more than subtle changes in their menstrual pattern (32) .
In older women, ovarian follicles contain fewer granulosa cells (33) , but they produce proportionately more estradiol due to increased aromatase activity (34) . Thus, the follicle appears to possess some compensatory mechanisms that https://academic.oup.com/jcempreserve midreproductive aged hormone patterns. Progressively rising FSH levels maintain follicle growth, enhance aromatase, and shorten the follicular phase by several days (19) , despite the smaller numbers of granulosa cells and follicles available. When ovulation occurs, overall Pdg production is not maintained, and relative luteal insufficiency is observed (35) . Nonetheless, that the overall patterns of LH, FSH, estradiol, and progesterone in ELA cycles are maintained nearly to the very end of reproductive life in women is truly remarkable. However, because our measure of urinary estrone conjugates includes both estrone and estradiol, we may have underestimated the amount of change in estradiol across the DHS because estrone is a far more abundant hormone in the circulation of women.
Perimenopausal hormone patterns and risk for uterine pathology
The maintenance of E1c excretion and the decline or absence of significant Pdg excretion in many of the cycles examined indicates that perimenopausal women are more likely to be exposed to an "unopposed estrogen" environment, which could promote the development of endometrial proliferation, hyperplasia, or even cancer. The age-specific prevalence of endometrial hyperplasia without atypia peaks in women aged 50 to 54 years, with the peak prevalence of atypical hyperplasia appearing in their early 60s (36) . Endometrial carcinoma prevalence is highest in women in their early 70s, well after the menopausal transition has occurred (37) . Exposure to estrogen without concomitant progestin can increase the risk of endometrial hyperplasia (38) and, if prolonged, endometrial cancer (39) . Modern menopausal hormone therapy takes these principles into account, and women with an intact uterus are not recommended to receive estrogen-only hormone therapy secondary to the excess risk of hyperplasia and carcinoma. It is therefore of great interest to see so many cycles in the late perimenopausal period with markedly low progesterone metabolite excretion. Successive cycles with low or absent progesterone production may be associated with increased endometrial abnormalities, such as polyps, unscheduled bleeding, or hyperplasia. Alternatively, although the small contribution of Pdg in non-ELA cycles does not meet the threshold for ELA, as defined by the algorithms used, Pdg may be still be sufficient to prevent excessive endometrial growth (40) . The transient nature of this relatively unopposed estrogen exposure may be sufficient to cause an increase in endometrial hyperplasia in late perimenopausal women but not progression to cancer. In younger women exposed to unopposed estrogen during adolescence, endometrial abnormalities do not appear as prevalent; however, adolescents with polycystic ovary syndrome have been reported to develop hyperplasia and even carcinoma before the age of 25 (41) .
Modifiers of the perimenopausal hormone milieu
Hormonal patterns of women traversing the menopause were modified by a number of demographic characteristics. BMI, which we previously reported was associated with lower overall menstrual cycle hormones (9) , was again related to lower hormone output, but this association was completely attenuated after adjustment for race/ethnicity. BMI modifies perimenopausal hormone production in a complex way, with overall lower follicular phase estradiol before the FMP and higher estradiol thereafter, likely owing to the emergence of peripheral sources of estradiol production other than the ovary (42) . It is possible that the data set available in the DHS, which does not include postmenopausal observations, was insufficient to clarify this change in the relationship of hormones to BMI. The likelihood of ELA cycles varied with race/ethnicity, with Hispanic and African American women being more likely to have non-ELA cycles. Again, after adjustment for covariates, these differences were no longer statistically significant, but a trend remained. Although we failed to detect a significant interaction, the observed nonsignificant BMI-related differences in the proportions of cycles with ELA by race/ ethnicity include differences of clinical interest, with the largest obesity-related difference seen in African American women. Surprisingly, Chinese and Japanese women in this high BMI category did not demonstrate a decrease in the % ELA cycles. These findings await further exploration.
In the Penn Ovarian Aging Study cohort (n = 436), relative to white women, African American women demonstrated lower dehydroepiandrosterone sulfate and inconsistently lower follicular phase estradiol (43) . Moreover, a more pronounced negative relationship between age and estradiol and BMI and estradiol was observed in African American women relative to white women (43) . Mediation of hormone excretion by race/ ethnicity and BMI have been reported in the SWAN cohort and will be explored further in subsequent examinations of these data; however, in this initial analysis a clear-cut relationships between race/ethnicity and hormone patterns and the likelihood of an ELA cycle were not obvious and did not persist in multivariable analyses. Other possible mediators of hormone excretion could include genetic variations in hormones or their receptors. For example, Sowers et al. (44) reported an association of the ESR1 rs3798557 genotype with more advanced ovarian aging, a factor that might influence the proportion of ELA to non-ELA cycles.
Further modeling of the data, including taking into account measures of financial strain, which differ widely among the racial ethnic groups in SWAN, did not explain the associations between race/ethnicity and ELA status. Hispanic women in the SWAN cohort experienced the greatest degree of financial strain (difficulty paying for basics), which may affect the function of the hypothalamic pituitary axis and is associated with greater risk of non-ELA cycles. Alternatively, the higher rate of metabolic syndrome observed in the Hispanic women in SWAN may contribute to dyslipidemia and perhaps a less healthy overall redox state, which might make them prone to less efficient ovarian function (45) . However, the number of Hispanic women in the DHS is relatively small, and the numbers of participants included may not have provided enough statistical power to demonstrate these points.
Study strengths and limitations
The strengths of this study include the overall large sample size, the well-characterized cohort, and the inclusion of women from five different race/ethnic groups. The use of daily sampling to assess reproductive hormone patterns, rather than inferring the patterns from samples obtained monthly, weekly, or biweekly, allows for very precise resolution of the events that comprise a normal menstrual cycle. These strengths allow us to refine our conclusions on the basis of a number of participantspecific factors, such as racial/ethnic, BMI, and lifestyle factors, and to discover novel associations between them and hormone patterns.
There are several limitations of this study. Cycle collection for the DHS generally began with the onset of a menstrual period (about 80% of cycles in this report), which may have selected for relatively stable, midreproductive-type of hormone patterns than a truly random timing of the urine collection might have done. Because cycles that did not end with a bleed were excluded from this analysis, the cycle length data are not representative of the entire menopausal transition experience. The criteria for ELA include a relatively robust increment in Pdg consistent with fertile cycles of midreproductive aged women (12) , and perimenopausal women may have more of a continuum of Pdg excretion patterns that are represented in the non-ELA cycles, which is a more heterogeneous group, even at DHS1 when all participants in the early stages of the transition (27) . Currently these non-ELA cycles are being assessed in more detail. Additional data available on bleeding patterns (46) , symptoms (47) , and relationships of hormones to inflammatory and metabolic markers, which have been partially explored in prior DHS publications (48) , are beyond the scope of this study, and a full synthesis of these data awaits subsequent analyses. We were not able to follow all women from enrollment through the FMP, which may introduce bias due to the differential loss to follow-up. Some women who provided annual specimens for multiple years were represented more than women who only completed a single DHS collection. Our multivariate analyses, however, adjusted for key factors related to attrition, including race/ethnicity, which should reduce nonresponse bias. Our use of mixed models, which are robust to intermittently missing data, also helps to minimize the introduction of bias due to differential loss to follow-up. Overall, women who did not continue participation in SWAN were of lower socioeconomic status and were more likely to have non-ELA collections at the DHS1 visit (10) . Because these factors may have contributed to an increased likelihood of non-ELA cycles, this study may have underestimated the prevalence of disrupted hormone patterns in women leading up to the FMP.
Conclusion
This study provides evidence that relatively normal menstrual cycles, with hormone patterns resembling those of women of peak fertility, though rare, can occur up to the very end of reproductive life in women. The approach to the FMP is characterized by lower progesterone metabolite excretion, erratic estradiol excretion, and an eventual rise in gonadotropins as the ovary ultimately undergoes follicular exhaustion. The prevalence of cycles with low Pdg excretion (non-ELA) increases rapidly in the final 3 years before the FMP and is associated with more variability in cycle length but not with large changes in bleeding duration.
